Abstract. The existence of substructure in halos of annihilating dark matter would be expected to substantially boost the rate at which annihilation occurs. Ultracompact minihalos of dark matter (UCMHs) are one of the more extreme examples of this. The boosted annihilation can inject significant amounts of energy into the gas of a galaxy over its lifetime. Here we determine the impact of the boost factor from UCMH substructure on the heating of galactic gas in a Milky Way-type galaxy, by means of N-body simulation. If 1% of the dark matter exists as UCMHs, the corresponding boost factor can be of order 10 5 . For reasonable values of the relevant parameters (annihilation cross section 3 × 10 −26 cm 3 s −1 , dark matter mass 100 GeV, 10% heating efficiency), we show that the presence of UCMHs at the 0.1% level would inject enough energy to eject significant amounts of gas from the halo, potentially preventing star formation within ∼1 kpc of the halo centre.
Introduction
The nature of dark matter (DM) is one of the largest unresolved mysteries in modern astrophysics. Constituting approximately 80% of the matter density of the Universe, its identity is as yet unknown. Weakly interacting massive particles (WIMPs) provide one of the most persuasive solutions, as the present-day abundance of dark matter is similar to that expected for a particle produced thermally in the early Universe via electroweak interactions [1] [2] [3] [4] . The annihilations of these WIMPs would produce energetic particles, such as neutrinos, electronpositron pairs, or gamma rays. The search for the particle nature of dark matter would be significantly aided if the energy injected into the Universe by these particles had an observable effect.
The pervasive and persistent injection of energy due to the presence of annihilating dark matter is expected to affect star formation and evolution [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , galaxy formation [25] [26] [27] [28] , and the ionisation history of the early Universe [29] [30] [31] [32] [33] . These effects may be difficult to detect if the canonical annihilation cross section is assumed ( σv = 3 × 10 −26 cm 3 s −1 ). However, processes that could potentially boost the rate of annihilation have been proposed, such as Sommerfeld enhancement [34] [35] [36] [37] [38] , resonant enhancement [39] and enhancement due to the existence of dark matter substructure [40] [41] [42] [43] [44] [45] [46] [47] . Should these annihilation boosts occur simultaneously, they could combine to increase the effects of annihilation by several orders of magnitude.
Previously, calculation of the annihilation boost due to substructure has depended heavily upon the extrapolation of halo properties over a large range of mass and density scales (for a discussion of the uncertainty in these assumptions, see [48] ). For example, modelling substructure using the Navarro-Frenk-White (NFW) profile for subhalos requires substantial extrapolation of the mass-concentration relation and radial mass distribution seen in N-body simulations [49] . Conversely, if a significant fraction of dark matter exists in ultracompact minihalos (UCMHs) [50, 51] no such extrapolation is required, as these objects are not disrupted by gravitational interactions, and so their distribution would be expected to follow the 'bulk' density of dark matter.
N-body simulations have been an indispensable tool in the study of large-scale structure and cosmology [52] [53] [54] . However, by their nature, such simulations always have a finite resolution -below which there may be poorly-understood physics or unresolved substructure. In N-body studies involving dark matter annihilation, where the annihilation rate is proportional to the density squared, unresolved substructure represents a major problem. A 'clumpy' distribution with the same average density as a 'smooth' distribution would lead to a significantly larger annihilation rate. Although this issue could in principle be solved by increasing the resolution of the simulation, the computational costs become prohibitive, as the largest modern simulations have achieved resolutions only on the order of a few kpc.
UCMHs have been proposed as a form of high density dark matter structure [43, 50, 51, [55] [56] [57] . Produced by large-amplitude overdensities (δ 10 −3 ) in the early universe, these dense halos collapse shortly after matter-radiation equality. This early formation means that the dark matter collapses by almost pure radial infall, leading to a steep density profile (ρ ∝ r −9/4 [52] ) compared to that of the 'standard' NFW halo (ρ ∝ r −1 [58] ). These extremely dense cores are expected to exhibit large amounts of dark matter annihilation, leading to substantial production of high-energy annihilation products [43] . In the event that even a small fraction of dark matter is contained within UCMHs, a significant amount of energy can be released via annihilation, affecting both structure formation and the observable properties of the cosmic 'dark ages' [59, 60] .
In this paper we consider the annihilation boost factor provided by the presence of UCMH substructure. We provide an analytical form of the boost factor due to unresolved UCMHs as a function of the 'smooth' local dark matter density. We then implement the boost in an N-body simulation of an idealized NFW halo, incorporating the energy injected by dark matter annihilation. We use this simulation to determine the magnitude of the effect that such a boost would have on the heating of galactic gas. This is the first study to perform an N-body simulation including dark matter annihilation along with both dark matter and gas components, and is likewise the first step toward a full cosmological simulation.
Dark Matter Ultracompact Minihalos
Here we summarise the main background on UCMHs; more details can be found in Ref. [55] . After matter-radiation equality, a UCMH has a radial density profile of
where 2) and f χ is the fraction of matter that is CDM, M h (z) is the mass of the halo at some redshift z, and R h (z) is the effective radius of the halo. Here, the mass of the halo evolves from that at matter-radiation equality, M i , up to a redshift z ∼ 10, as
after which star formation begins, and accretion on to the halo effectively ceases. The effective radius of a UCMH, beyond which its DM density contrast δ < 2, has numerically been found to be 4) again plateauing at z = 10.
Within the cusp of the halo, we truncate the dark matter density by considering the maximum possible remaining dark matter due to annihilation at some time t,
where m χ is the particle mass of dark matter, σv is its late-time thermally-averaged selfannihilation cross section, and t i is the time at which annihilation first started taking place. Conservatively, we take this as the time of matter-radiation equality (just before the halo collapsed), such that t i = t(z eq ) = 59 Myr. From Eq. 2.1, the radius of the annihilation core is then
.
However, in the case that annihilation does not dominate, the core size is determined by the angular momentum of the initial infalling gas, as follows:
where z c is the redshift of latest collapse for a UCMH, taken to be z c = 1000. We then take the radius of the core as the largest of these, i.e.
r c = max (r c,ann , r c,ang ), (2.8)
such that the full piecewise expression for the density of an ultracompact minihalo at some radius r will be:
UCMH Annihilation Boost
Assuming that the spatial distribution of UCMHs follows that of the bulk dark matter, we can define the fraction of DM contained within unresolved UCMH substructure as
where Ω CDM is the density of cold dark matter, Ω UCMH is the density of UCMHs, M res is the minimum numerically resolvable UCMH mass, and M fs is the minimum halo mass allowed by free streaming of dark matter. Depending upon the exact model of dark matter taken, this can range from 10 −9 M up to 10 −1 M for UCMHs at z = 0 [61] . Should numerically unresolvable UCMH substructure exist, the average annihilation rate will be increased by a 'boost' factor, defined as
where A sub and A smooth are the annihilation rate per unit volume due to substructure, and the remaining 'smooth' DM component, respectively. A 0 is the rate in the case that no substructure is present (i.e. f = 0). The existence of substructure implies that the density of the smooth component is reduced by a factor of 1 − f . The annihilation rate per unit volume due to this remaining component may then be found as
where ρ χ is the numerically resolved local dark matter density. For a spherically symmetric minihalo of radius R h superimposed on a smooth background, the total DM annihilation rate due to substructure may be found as
Here we have included both substructure-substructure (ρ 2 h ) and substructure-background (ρ h ρ χ ) annihilations, but neglected the ρ 2 χ term to avoid double counting self-annihilation of the smooth background component. The average annihilation rate per unit volume due to substructure is then
where dn/dM h is the local UCMH mass function, which describes the differential number density of halos of mass M h , expressed per unit halo mass. Expressing this instead in terms of the differential fraction of dark matter in UCMHs of mass M h , we find
In the case of UCMH substructure, substituting Eq. 2.10 into Eq. 3.4 results in an expression of the form Φ ∝ M k h , where k ≈ 1. This allows us to define a useful density scale
which is approximately independent of halo mass. Evaluating Eq. 3.4 and substituting into Eq. 3.7 provides a functional form for ξ of
The lack of dependence of this function on M h allows us to simplify Eq. 3.6 even further, taking all but df /dM h outside of the integral to give
This leads to a boost factor from unresolved UCMH substructure of
(3.10) [7] . Note that the typical radius of a Milky Way-like gas disk is of order 20-30 kpc, outside of which the effect of this heating due to annihilation should not be observable.
This UCMH boost factor is entirely independent of the mass function dn/dM h , which is poorly constrained by observations for the low masses we consider here. It has also been suggested that UCMHs would track the bulk distribution of dark matter, as they are not significantly affected by tidal disruption [62, 63] . These two factors allow us to determine the overall annihilation rate per unit volume for a given f purely from ρ χ , the total dark matter density resolved in N-body simulations. We show the resulting relationship between f , ρ χ and B in the left panel of Fig. 1 . As the local dark matter density increases, the boost factor decreases, ultimately providing an annihilation suppression in regions of very high ambient density. This is because the annihilation rate within the smooth component is proportional to ρ 2 χ , whereas the flux from the UCMH component is proportional to Φρ χ (Eq. 3.9). Therefore, if a significant fraction of dark matter is contained within substructure it will annihilate less efficiently when ρ χ > ξ than if there were no substructure.
To understand the impacts of such boosts under actual Galactic conditions, we calculate the total boosted emission as BA 0 -assuming a density profile of a Milky Way-like NFW halo [58] . In the right panel of Fig. 1 we show the rate of energy emission from annihilation per unit volume, as a function of radius from the centre of a Milky Way-like halo. The density-dependent boost provides a much flatter Galactic annihilation profile than smooth DM alone, injecting a significantly larger amount of energy in the outer regions of the halo. Comparing to the local cooling rate of the gas, we see that for f 10 −2 , the energy emitted by dark matter annihilation exceeds the cooling rate. 1 The rate of star formation would be expected to be affected, depending on how much of the annihilation energy actually goes into heating the interstellar medium. For the case of f 10 −2 , the heating and cooling are balanced at radii that can be a significant fraction of the virial radius of the halo.
Previously, non-observation of UCMH gamma-ray emission with Fermi-LAT has been used to provide upper limits on f [55] . While these constraints are the strongest to date, they only apply directly to scenarios where UCMHs are all of the same mass (although limits on mass spectra can be obtained by integrating over the appropriate mass window). Given that the boost factor derived here applies equally to any mass distribution, we compare to the weakest such limit of any mass: f 10 −3 , provided by diffuse emission within the Galaxy. If even 0.1% of the dark matter in the Milky Way is contained within UCMHs, the energy emitted can be substantial. If e.g. 10% of this energy were absorbed by the local gas, the heating caused would be sufficient to quench star formation within the inner few tens of pc of the Galactic centre, and would be comparable to that from supernovae within a radius of a few hundred pc.
Idealised N-body Simulation
To investigate how significant the heating by boosted annihilation from UCMH substructure could be in a real galaxy, we added the energy injection to an N-body simulation. For this we used new modules written for the cosmological N-body code Gadget-2 [65] , designed to calculate the heat injected into gas particles by absorption of the local annihilation products from arbitrary dark matter distributions (Iwanus et al. in prep). These modules use smooth particle hydrodynamics (SPH) to estimate the dark matter density at the location of every gas particle, which they then use to determine the annihilation energy to be injected into each gas particle.
Considerable energy injection into baryonic matter would provide an increased pressure within galaxies, forcing gas out of their centre and altering their structure. We consider the case of dark matter annihilation boosted by the factor given in Eq. 3.10, resulting in an energy absorption rate per unit volume of
Here ε is the fraction of the energy released per annihilation absorbed by the local gas. In the galactic regime, the electron-positron annihilation channel would provide one of the largest absorption fractions. These charged particles in a dense galactic environment would be expected to both produce synchrotron radiation and undergo inverse Compton scattering as the dominating sources of energy loss -effects that have been used recently to search for evidence of dark matter annihilation at the Galactic Centre [66] [67] [68] . The authors of Ref. [69] accounted for these dominating processes in a study of the absorption of cosmic rays within the Milky Way. At typical galactic densities, they found that 50% of the energy of a 100 GeV positron is deposited over a length scale of 1 kpc. Given the uncertainties in this value for generalized galactic regimes, we explore the assumption of ε = 0.01, as well as the less conservative ε = 0.1. Future work is needed to better approximate this value. 2 By applying our boost factor as a form of subgrid physics we have implicitly assumed that all of the UCMHs are numerically unresolved. By increasing the resolution of a simulation, the gravitational effects of large-mass UCMHs would become apparent. In this case care Figure 2 . The radial profiles of gas in a Milky Way-like halo simulated with annihilation in UCMH substructures. Here we have assumed that 10% (left) and 1% (right) of the annihilation energy goes into heating of the gas, and a dark matter model with σv = 3 × 10 −26 cm 3 s −1 and m χ = 100 GeV. For comparison to the case without substructure (f = 0), we have plotted the logarithmic residuals below each figure. The vertical dashed line represents the effective resolution of our simulation (r ≈ 10 kpc) -for Gadget, this corresponds to 2.7 times the gravitational softening length. Image prepared with pynbody [75] . must be taken that the UCMH fraction f only counts those with mass < M res , while the larger, resolvable UCMHs would have to be explicitly placed into the initial conditions of the simulation. In what follows, we have not explicitly placed any UCMHs into the simulation, rather injecting the effect of UCMH annihilation with Eq. 4.1.
Using GalactICs [72] [73] [74] , we generated an NFW halo of mass 10 12 M and concentration c = 15, consisting of 10 5 particles. We converted Ω b /Ω CDM ≈ 20% of the dark matter into gas particles of the same mass, with a thermal energy equal to their local velocity dispersion. We also reduced the kinetic energies of the gas particles throughout the entire simulation so as to maintain energy conservation, and evolved the halo for 15 Gyr, to ensure that it had fully virialised. We initiated dark matter self-annihilation with a cross section of σv = 3 × 10 −26 cm 3 s −1 and a particle mass m χ = 100 GeV, and evolved the simulation for a further 5 Gyr using our modified version of Gadget-2. We repeated the final step for a number of different UCMH fractions and heating efficiencies. While the assumption of an idealised NFW halo will underestimate the overall annihilation due to the lack of 'natural' dark matter structure, it allows us to investigate the effect that the introduction of UCMH substructure will make.
We present the resulting gas density profiles in Fig. 2 . It can be seen that as the substructure fraction increases, more gas is ejected from the halo due to slow, persistent heating by annihilation. We see that smooth dark matter (f = 0) does not impart significant energy to the gas, but even a tiny fraction of UCMHs can produce an appreciable change in the gas profile at regions of high dark matter density. In the case of very large substructure fractions we find very significant gas outflow. In these cases, the majority of the gas is removed from the galaxy. Disturbance of the gas is observed for substructure fractions as low as f = 1 × 10 −2 , even under the most conservative assumptions. Constraints on the UCMH fraction at the time of matter-radiation equality have been determined from the effect of DM annihilation on the integrated optical depth of the CMB [59] . However, when extended to the present day these constraints weaken to the point of saturation (f ≤ 1). By contrast, the strong constraints placed upon f with gamma-ray searches by Fermi-LAT [55] have excluded such large UCMH abundances (f 10 −3 ). This strong limit rules out any effect for an assumed heating efficiency of ε = 0.01. A slightly less conservative estimate of ε = 0.1 yields significant gas heating for f = 5 × 10 −4 , which is well within observational limits.
To further understand the evolution of the halo's gas, it is useful to trace its mass as a function of time. We therefore integrated the gas density inward from R 200 , the radius at which the average density within is equal to 200 times the critical density of the Universe. We display this mass as a function of time for a range of substructure fractions in Fig. 3 (left) . We can see that once the annihilation is initialised at t = 0, high substructure fractions (f 10 −3 ) cause significant mass to be ejected from the halo, whereas very little gas is ejected if there is no substructure (f = 0). We additionally characterise this heating by defining a 'lifetime' of the halo. We define this as the time taken to reduce the gas content of a halo by a given percentage, and show it in Fig. 3 (right) . We find that as the substructure fraction increases, this lifetime decreases rapidly, converging for f 0.002 to less than 5 Gyr.
Conclusion
In this paper we have investigated the effect of a population of unresolved UCMHs on the energy injected into a galaxy by dark matter self-annihilation. We showed that the increase in annihilation rate per unit volume due to UCMH substructure is independent of subhalo mass, and thus may be mapped as a function of the overall dark matter density alone. The elegance and utility of this finding may be seen when it is applied to N-body simulations, within which the physics beneath the resolution of the simulation is notoriously difficult to model. As the annihilation boost factor due to UCMH substructure depends only upon the large-scale properties of the density field, the boost factor may be easily incorporated into any N-body simulation or indeed any investigation of the annihilation of dark matter.
By application to such an N-body simulation of an idealized halo, we found that the boost factor due to the presence of UCMH substructure can produce a significant change in the distribution of its gas. If 10% of the energy from annihilation is absorbed by the gas, and more than ∼0.05% of dark matter in the halo is contained within UCMHs, its centre would be evacuated of a significant fraction of its gas after only 5 Gyr. In the future, should a full cosmological N-body simulation be undertaken including the presence of UCMHs, such a large amount of injected energy may need to be countered by other mechanisms in order to retain solutions that resemble observations. This may be done by the addition of increased cooling mechanisms, or by recalibration of feedback (from e.g. active galactic nuclei, star formation or black hole accretion). If these processes were to become better constrained from the observational side, this could be used as a method for determining an upper limit to the fraction of dark matter in the form of UCMHs. Conversely, observations of the CMB could be compared to such simulations to place a limit on the abundance of UCMHs at early times. Given the direct link between UCMHs and the properties of the early Universe [55, [76] [77] [78] [79] , such a constraint would be of substantial cosmological importance.
